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Following infiltration, the high refractive index soft 
material inclusions turn the modified total internal 
reflection guidance into PBG guidance, reported before 
for other materials [13,14]. The PLC-FBG was inscribed 
directly into the filled fiber cladding by means of a two-
beam interference holographic setup. A schematic 
representation of the experimental setup is shown in 
Fig. 1. The photo-polymerization was induced at room 
temperature by using a frequency doubled, 150 ps 
pulsed Nd:YAG laser (λo = 532 nm) with pulse energy 
density Ep = 5.0 mJ/cm2 at a repetition rate of 5 - 10 Hz. 
A cylindrical lens (CL) was used to focus the beam at 
the writing plane. After spatial filtering, the beam had 
sizes 2.5 mm and 4.0 mm along the vertical and fiber 
directions, respectively. By using a phase mask (PM) 
with a pitch of 1064.7 nm and mirrors M1 and M2 to 
recombine the diffracted orders, an interference pattern 
with period ~ 539 nm was formed, corresponding to a 
measured Bragg wavelength λΒ  ~ 1558 nm on the PLC-
FBG, tunable of tens of nanometers by varying the tilt 
angle of the mirrors M1 and M2. The grating was 
finally achieved by scanning the interference pattern 
along the fiber for a grating length of 5 - 8 mm by using 
a stepper motorized mirror (SMM).  
Fig. 2. (a) Transmission output of the infiltrated (dash blue 
line) and irradiated (solid red line) PCF. (b) Reflection and 
transmission spectral response of the PLC-FBG after exposure. 
(c) Evolution of the grating profile in reflection configuration 
during the grating formation. (d) Temporal behavior of the 
Bragg wavelength shift and peak amplitude (inset) during 
exposure of the grating. 
The real-time grating formation and evolution is 
studied in reflection configuration. The grating 
formation was monitored in real-time by using, an 
erbium-doped fiber amplifier (EDFA) connected, 
through an optical circulator (OC), to a fiber patch cord 
(FPC) spliced to the infiltrated PCF. The time evolution 
of the probe signal reflected by the H-PDLC, while 
forming into the filled channel of the PCF, was 
measured by an optical spectrum analyzer (OSA). The 
exposure time t required for the grating finalization was 
about 103 s, corresponding to a cumulative irradiation 
dose of the order of 20 J/cm2. 
Prior exposure, the transmission spectrum of the filled 
PCF was measured independently with a 
Supercontinuum fiber laser (SuperK Compact, NKT 
Photonics Ltd., range of λ ~ 350 - 2000 nm). The set-up 
used for this characterization was the same described in 
our preceding work [14]. This measurement revealed 
clear PBG transmission bands existing before and after 
exposure to ultraviolet radiation [Fig. 2(a)]. By cut-off 
wavelength calculation [14], we estimated the average 
refractive index of the H-PDLC inclusions to vary from 
nth ~ 1.55 (dash blue line) to ~ 1.59 (solid red line) upon 
polymerization.  
In Fig. 2(b), an example of the reflection spectrum of 
the fabricated grating is shown (left scale); its strength 
in transmission is ~0.7dB. Fig. 2(c) represents the 
reflection spectra collected during the exposure process. 
In H-PDLCs, a phase separation is induced by the 
photo-polymerization process under laser recording of 
an interference pattern that turns an originally 
isotropic LC/photo-monomer mixture into a periodic 
modulated structure. Photo-polymerization of the 
monomer occurs in the bright regions of the writing 
pattern, initiating a diffusion process driving-out the 
LC-molecules towards the interference minima fringes. 
The morphology of the H-PDLC structure achieved 
depends strictly on the composition of the initial 
isotropic mixture and then, the photocuring parameters, 
i.e. the laser beam intensity and exposure time [8]. The 
time evolution of the grating formation, shown in Fig. 
2(c) and 2(d), indicates the existence of three distinct 
phases during the H-PDLC formation. At phase (t1) the 
grating peak amplitude increases with a large redshift 
because of the onset of photo-polymerization of the 
monomer (black lines); then the grating continues 
growing (t2), however with minor redshift, due to the 
increasing of phase-separation between polymer and LC 
and consequent dielectric contrast augmentation (red 
lines). By continuing exposure, and after a large dose of 
irradiation, a grating overmodulation regime starts (t3), 
which is characterized by a decreasing of the amplitude 
of the response (blue lines). When exposure is ceased 
(t4), an increase of the grating amplitude (dash grey 
line) emerges with a simultaneous redshift progressing 
for several hours during post-curing at ambient 
condition (laser off), that is probably due to the 
stabilization of the grating morphology. The evolution of 
grating diffraction I(λB) is compatible with the typical 
model of grating formation in PDLCs (see, as for 
instance, ref. [15] for an example of three-stage 
formation and [8] for the general model of the PDLC 
growth). In Fig. 2(d), the correspondent shift of the 
Bragg wavelength λB versus the exposure time t is 
shown. A shift of the order of 1 nm was calculated to 
correspond to an effective refractive index variation of 
δneff ~ 10-3. Depending on the ratio of NVP-DPHPA in 
the pre-polymer solution and the energy density of the 
writing beam, a shift as high as 7.0 nm has been also 
measured (not shown here). The inset of the same figure 
shows the amplitude I(λB) of the grating reflection as a 
function of time. The experimental points indicated with 
symbol (▲) refer to post-curing growth with laser off, i.e. 
following the irradiation dose of 22.5 J/cm2 (reached 
after t ~ 2×103 s).   
The PDLC infused gratings were also characterized 
for their temperature and bending sensitivity. 
Temperature characterization of the PLC-FBG shows a 
peak amplitude modulation and redshift that can be 
related both to the spectral shifting with temperature of 
the PCF transmission output and to the stabilization of 
the average refractive index of the grating. Fig. 3(a) 
shows the temperature dependence of the PLC-FBG 
reflection response characteristics measured within the 
nematic temperature range of the E7. As the operating 
temperature T (controlled by a Peltier plate) is 
increased towards the nematic-isotropic transition 
temperature TNI = 58 °C [13], the Bragg wavelength λB 
redshifts and the corresponding peak amplitude I(λB) is 
strongly attenuated. 
Fig. 3. (a) Bragg shift (left scale) and amplitude variation of 
Bragg peak (right scale) versus temperature of the PLC-FBG. 
(b) Bragg shift (left scale) and amplitude variation (right scale) 
versus curvature of the PLC-FBG. The amplitude of the Bragg 
peak is normalized to the minimum value Imin measured in 
that range of curvature. Dash lines correspond to Boltzmann 
sigmoidal fit in (a) and linear fit in (b). 
The red-shift effect can be partially explained by an 
increase of the grating period due to the thermal 
expansion of the periodic structure (and cladding). On 
the contrary, the reduced diffraction efficiency is likely 
due to the decrease of the average refractive index of the 
LC droplets with temperature, thereby resulting in a 
lower dielectric contrast between polymer and liquid 
crystals and a decrease of the average effective index. 
This last alone would lead to a blue-shift of λB. In fact, 
the saturated shift of the grating Bragg wavelength 
with temperature response with temperature suggests 
a competition between these two counterpart effects. In 
addition, it must be noted that the spectral position of 
the Bragg peak must coincide with a transmission band 
of the bandgap fiber to allow effective functioning of the 
grating. As a result, the variation of the fiber 
transmission output with temperature affects the 
diffraction efficiency by changing the evanescent 
coupling condition between the core and the in-cladding 
grating and can take part to the observed temperature 
behavior as well.  
More importantly this “soft” PCF grating exhibited 
sensitivity to fiber bending. The measurements were 
carried out by undergoing the fiber at different 
curvatures near the grating position, at 25 °C, in 
reflection configuration. A significant relative red-shift 
of the Bragg peak, i.e. 110 ± 4 pm/m-1, was measured, as 
shown in Fig. 3(b), while the relative amplitude of the 
peak increased. Fundamentally, the bending of the fiber 
leads to increased overlap with the high index 
inclusions on which the PBG guidance relies. In other 
words, there is larger overlap of the guiding mode in the 
bended PBG fiber regime with the periodic perturbation 
formed due to laser polymerization into the infiltrated 
strands. A tensile stress inducing a deformation of the 
average orientation of the LC-droplets may also result 
in an increase of the dielectric contrast of the grating; 
however, we cannot further confirm this.  
Fig. 4. (a) FE-SEM micrograph of the cleaved end-face of the 
infiltrated PCF. (b) Magnification area of micrograph (a): the 
grating inscribed is clearly visible into this channel of the PCF. 
(c) Detail of (b) showing an LC-nanodroplet structure. (d) 
Birefringent response of the PLC-FBG obtained under higher 
Ep condition. (e) Magnification of the FE-SEM scan into the 
filled channel of the fiber, showing larger LC-droplets 
embedded in the polymer matrix, associated to the profile in 
(d).  
Finally, we focused on the investigation of the laser 
photo-polymerization and phase separation processes 
taking place inside the PCF capillaries, where LC 
alignment issues can become prominent. By changing 
the energy density of the exposure, we have found that 
the grating microscopic morphology and spectral 
response were critically affected. In fact, too fast 
polymerization, related to higher energy densities, led to 
the formation of a birefringent grating response having 
a double-peak profile. We studied the microscopic 
morphology of the fabricated PLC-FBG by means of 
field emission-scanning electron microscopy (FE-SEM).  
In Fig. 4(a), a FE-SEM micrograph of the PCF end-
face, suitably cleaved at the grating position is 
presented. The micrograph of Fig. 4(b) is a 
magnification of one half-filled channel of Fig. 4(a) and 
shows the grating inscribed with Ep = 5.0 mJ/cm2. The 
modulation of the infiltrated material is evident from 
the relief along the axial direction, i.e. the grating 
vector. A nanodroplet spatial structure embedded in the 
polymer matrix can be observed from the top layer of 
the transverse section of the grating, with LC-droplets 
in the range of 20 - 50 nm, as evident from Fig. 4(c). In 
order to emphasize the droplet matrix, an inverted 
contrast filter (MathWorks Matlab) is applied to the 
micrographs of Fig. 4(b) and (c). Such morphology, 
characterized by LC-nanodroplets of 25 nm on average 
size, was associated to the non-birefringent grating 
response, already reported in Fig. 2(b) and 2(c). 
Conversely, by irradiating the sample with higher 
energy density, i.e. Ep = 7.7 mJ/cm2, a birefringent 
response was measured [Fig. 3(d)] and by similar FE-
SEM analysis the correspondent morphological 
structure resulted to be characterized by larger LC-
droplets having size of ~ 100 - 200 nm, as shown in Fig. 
3(e). Moreover, it is worth to be noted that, as apparent 
from Fig. 4(e), a shrinkage effect of the polymer matrix 
was observed for the higher energy dose, but such 
shrinkage involved only very few capillaries on the 
external ring of the cladding without affecting the 
propagation. The detuning between the peaks typically 
observed for that birefringent profile was ≈ 0.5 nm. This 
result can be explained by considering an average 
orientation of the nematic LC-droplets with a small 
preferential alignment that induces a refractive index 
anisotropy δneff ≈ 5 × 10-4 in the effective index of the 
guided mode. The possibility to determine the 
birefringent character of the PLC-FBG by changing the 
fabrication parameters may be significant to finalize the 
specific application of a potential device [16].  
In conclusion, we reported on the fabrication of an H-
PDLC Bragg grating, directly inscribed inside the 
cladding of a PCF, and experimentally characterizing 
its thermal and bending properties. This work aims at 
the development of a new platform of integrated fiber 
systems by merging the well-consolidated technology of 
soft matter polymer-liquid crystal composites with the 
unique guiding properties of photonic crystal fibers. The 
fabrication flexibility implied by a visible curing process 
may lead to the implementation of more complex 
geometries with single-step holographic techniques [11, 
17]. Recent research showing in-fiber LC-tunability by 
electric field [1] as well as tuning potential offered by 
polymer/silica hybrid PCFs [18] suggests the possibility 
of further expanding the employment of LC/polymer 
composite for novel in-fiber applications. Research work 
is in progress for optimizing the diffraction efficiency, 
tuning the morphology and characterizing the electrical 
and magnetic response of the PLC-FBG. At same time, 
new possibilities are also being explored by introducing 
active inclusions and magnetic nanoparticles [19] in the 
liquid crystals.  
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